objective To elucidate the genetic diversity of Plasmodium falciparum in residual transmission foci of northern India.
Introduction
Malaria caused by the genus Plasmodium is one of the world's most widespread serious febrile illnesses and endemic throughout the tropics. Its estimated global burden is immense, resulting in 438 000 deaths in 2015 [1] . Among a large number of known species of Plasmodium genus, only Plasmodium falciparum is known to cause approximately 66% of the malarial cases in India [2] . As malaria is a major cause of morbidity and mortality, several efforts have been made for its global control [1] .
Malaria positivity has increased between 2013 and 2015 in India despite several interventions such as the use of insecticide-treated nets, indoor residual spraying, improved diagnostic tests and treatment with artemisinin combination therapy (ACT). Therefore, we need to develop an effective P. falciparum malaria vaccine to combat the disease. Although a number of antigens, which are specific to a particular stage of P. falciparum life cycle, are being targeted for the malaria vaccine development [3] , the efficacy of these antigens is being confounded by genetic diversity. However, limited reports on comparative stage-specific genetic diversity of P. falciparum vaccine candidate genes are available. Therefore, it is essential to study the levels of diversity and population structure for a better understanding of the complexity of infection [4, 5] .
The selection of RBC by Plasmodium represents a specific, weak, reversible molecular interaction that can take place at any position of the merozoite surface. Merozoite surface proteins (MSPs) are predominantly involved in initial binding [6, 7] . Plasmodium falciparum merozoite surface protein 1 (pfmsp1), the most abundant surface protein and promising vaccine candidate gene, plays a role in erythrocyte invasion and is associated with malaria severity [8, 9] . It is 1720 amino acids long divided into 17 blocks, which are of variable, conserved or semi-conserved nature [10] . Block 2 of msp1 is highly variable and presents three allelic families: K1, MAD20 and RO33, while the remaining 16 blocks are dimorphic [11] [12] [13] . Plasmodium falciparum glutamate-rich protein (pfglurp) is expressed on erythrocytic and pre-erythrocytic stages of the parasite and also on the newly released merozoite [14] . It is highly antigenic in nature but less polymorphic in different geographical regions [15, 16] . In the ongoing malaria control and elimination programme, a transmission-blocking vaccine candidate targeting the sexual stage parasite development plays an important role. Among the various targets, the P. falciparum sexual stage antigen (pfs25) is the predominant surface protein and there is substantial evidence of induction of transmission-blocking or reducing activity [17] with the advantage of limited or no polymorphism [18, 19] .
Concerted research efforts have highlighted the importance of studying the extent of genetic diversity of P. falciparum vaccine candidate antigens [20] . However, the majority of these studies were conducted in few countries per antigen and comparisons were rarely performed. Literature regarding the antigenic diversity of P. falciparum parasite population from North India is scarce. To expedite the design of broad-spectrum malaria vaccines, we aimed to assess the extent of genetic diversity of three malaria vaccine candidate genes specific for asexual and sexual stages of P. falciparum in Chandigarh, North India.
Materials and methods
Study area, study population and blood sample collection Our study was performed in Chandigarh in northern India. Between May 2013 and December 2016, a total of 10 909 patients from Chandigarh and its adjoining states Uttar Pradesh, Punjab, Haryana and Himachal Pradesh who visited Postgraduate Institute of Medical Education and Research Chandigarh, North India were screened for malaria. These samples were microscopically examined using Giemsa-stained peripheral blood smears for malaria diagnosis. All P. falciparum-positive patients who fulfilled the enrollment criteria (fever >37.5°C or a history of fever within the previous 24-48 h tested positive for P. falciparum by microscopy) and consented to participate in the study were enrolled. From each patient, approximately 1 ml of intravenous blood was collected into a sterile anticoagulant tube and stored at À20°C until molecular assays were performed.
DNA extraction and nested PCR to detect P. falciparum and P. vivax infections Genomic DNA extraction was performed using 200 ll of blood sample using QIAamp DNA blood kit (Qiagen, CA, USA) as per the manufacturer's instruction and stored at À20°C for the further PCR assays. Genus and species-specific nested PCR was performed using 18S rRNA gene to confirm P. falciparum mono-infections [21] .
Genotyping of stage-specific genes msp-1 (block 2), glurp and pfs25
The allelic variations in the polymorphic region of P. falciparum block 2 of msp1 and glurp were amplified as described previously [22, 23] . The polymorphic region of pfs25 gene was amplified in a volume of 25 lL with 1 U of Taq DNA polymerase (3 U/lL), 200 lM dNTP, 0.4 lM each of forward and reverse primers (P251F:5 0 -ATGAATAAACTTTACAGTTTGT-3 0 , P251R:5 0 -CAG-TACATATAGAGCTTTCAT-3 0 ) and 109 Taq Buffer (Genei). The primary PCR amplification was initiated at 94°C for 5 min and followed by 35 amplification cycles of denaturation at 94°C for 1 min, annealing at 48°C for 1 min and extension at 72°C for 1 min. Primary PCR product was diluted (1:10) and further used for nested PCR using the primers P251R and N251F: 5 0 -AGTTACCGTGGATACTGTAT-3 0 . Nested PCR was performed with annealing at 51°C for 25 cycles. For the nested PCR, rest of the conditions were as described for the primary PCR. The nested PCR products were resolved on 1.5% agarose gel and visualised under a UV transilluminator. A negative control of nuclease-free water was used for each PCR reaction.
Sanger sequencing and analysis
Amplified nested PCR products were purified using PCR purification kit as per manufacturer's instructions (Qiagen, Germany) and sequenced using the Sanger method (Genewiz INC, NJ, USA) with both respective forward and reverse primers. The obtained sequences were edited manually in BioEdit [24] and further translated into the protein sequence using Expasy translate software. The obtained amino acid sequence was compared with the available reference sequence in NCBI database. Multiple Sequence Alignment (MSA) was carried out using Clustal X 2.1 to visualise intraspecific variation if any, among the sequences. All genes were genotyped by BLAST analysis (blastn) against known genotype sequences in the GenBank database (www.ncbi.nlm.nih.gov/BLAST/). The phylogenetic tree was constructed using MEGA 6.06 software to know the evolutionary relationship of our clinical isolates.
Ethical approval
The study was approved by the Institutional Ethical Committee of PGIMER, Chandigarh and all enrolled patients gave informed written consent.
Results

Demographic data
Among the 10 909 patients who visited the two hospitals, 196 (1.8%) patients tested positive for malaria by microscopy, but only 48 (24.5%) of them tested truepositive for P. falciparum by microscopy and PCR. The majority of the enrolled patients were from Punjab followed by Uttar Pradesh; their age ranged from 5 to 70 years with mean age of 26 AE 18 years. Patients presented with different clinical symptoms such as fever, chills, generalised body weakness, vomiting, thrombocytopenia and anaemia. The demographic and clinical details are given in Table 1 .
Allelic polymorphisms of pfmsp-1 (block 2), pfglurp and pfs25
In total, 43 (89.6%) samples were successfully amplified, sequenced and analysed for block 2 region of pfmsp1 (555 bp); representative sequences have been submitted to the NCBI database (GenBank accession numbers KM265471-KM265475, KM272877-KM272884). The analysed sequences were found to be polymorphic in nature. The nucleotide and deduced amino acid sequence was further analysed for the presence of the three alleles of msp1, that is, K1, MAD20 and RO33. The nucleotide changes observed in these isolates were found to be non-synonymous in nature. The overall allelic prevalence among the North Indian population reveals RO33 as the dominant allele (55.8%, n = 24), followed by MAD 20 (39.5%, n = 17) and K1 (4.7%, n = 2). The isolates were composed of six variants in MAD20, whereas RO33 and K1 had no variant (Figure 1 ). The dominant allele of pfmsp1, RO33, showed similarity to the Tanzanian, Sudanese and Ghanaian strains whereas MAD20 alleles showed similarity to Philippines, Solomon, Thailand and Papua New Guinea strains.
The glurp consists of an N terminal non-repeat region (R0), a central repeat region (R1) and an immunodominant C terminal repeat region (R2). Among the three repeat regions of glurp, R2 region (868 bp) was successfully amplified and sequenced in 43 isolates and eight sequences were submitted to NCBI database (GenBank accession number KM278211-KM278218). In the wellconserved part of the R2 region, the most commonly found amino acid repetitive unit was DKNEKVQHEIVE-VEEILPE followed by the DKNEKGQHEIVEVEEILPE and least prevalent was the DKNEKVEHEIVEVEEILPE type in the clinical P. falciparum isolates. Further analysis revealed 27 different haplotypes with a combination of different repeats (Figure 2 ). Our study showed that GQ and VE replace VQ in the sixth and seventh position. A new type of AAU was found, where E (DKNEEGQHEI-VEVEEILPE) at 5th position in the repetitive unit is replacing K; it was found in 2 (4.7%) samples. In addition, there was insertion of D/E in between the amino acid repetitive units. The insertion of E was seen in six (14%) samples whereas D insertion was seen in all (100%).
A leading transmission-blocking vaccine candidate, pfs25, encoded by a single copy gene and was successfully amplified (512 bp) and sequenced in 47 (98%) samples. Sequences were submitted to the NCBI database (GenBank accession numbers: KM265476-KM265486, KP318439-KP318442, KR063232-KR063235).The nucleotide and deduced amino acid sequences of pfs25 were mostly conserved and two single nucleotide polymorphisms at position G131A and V143A were seen in (91.5%, n = 43 and 66%, n = 31) our clinical isolates, respectively ( Figure 3 ). 
Discussion
The population structure of P. falciparum parasites plays an important role in maintaining the natural immunity against the disease. Several factors, such as transmission intensity, parasite recombination rate, increase in antimalarial drug resistance and effective malaria control measures can contribute the evolution of genetically diverse parasites. At present, there is no effective vaccine against malaria and a number of potential stage-specific antigens are under trial for the development of vaccine. Hence, it is important to study the genetic diversity of the Plasmodium falciparum as high antigenic variation imposes a greater challenge for the development of effective vaccine against P.falciparum. Thus, we investigated the genetic polymorphism of pfmsp1 (block 2), pfglurp and pfs25 among 48 positive isolates of P. falciparum from northern India by Sanger sequencing. We saw a much smaller number of positive cases, which is direct evidence of the decreasing trend of malaria in our region compared to the rest of India [25] . The vast array of multiple parasite antigens that bind different host cell receptors is an indication that a certain amount of redundancy in the erythrocyte invasion process is required to safeguard successful invasion. P. falciparum seems to be able to tactically switch invasion pathways, for example, from sialic acid-dependent to sialic acidindependent pathways [26] . This magnitude of redundancy in invasion receptors enables the parasite to invade a wide variety of human erythrocytes as well as facilitating immune evasion. Previous studies on the rhoptry-associated membrane antigen (RAMA) have revealed that this GPI-anchored protein is the first rhoptry protein to be synthesised in the late ring stage [27] , serving as an escorter for another low molecular weight rhoptry complex comprising rhoptry-associated proteins (RAP 1, RAP2 and RAP3) [28] . RAMA directly associates with the N-terminus of RAP1; thus, it has been hypothesised that in the Golgi lumen, the RAMA binds RAP1 and then recruits RAP 2 & 3 into the complex [29] . GPI-anchored proteins have a tendency to cluster in lipid rafts, and thus, this complex probably anchors within a lipid raft at the Golgi exit face [27, 29] . RhopH3 has also been shown to interact with RAMA, and thus, the RhopH complex may also be recruited into the raft as well via RAMA, thereby generating rhoptry destined aggregates [26, 30, 31] .
msp codes for the 190 kDa protein considered an important vaccine candidate for the development of erythrocytic-stage vaccine against malaria. msp1 is polymorphic and different blocks have been identified. These blocks may be variable, conserved or semi-conserved in nature. msp1 belongs to the three allelic groups K1, MAD20 and RO33, having high variability compared to the groups but less variability amongst themselves [32] [33] [34] . We investigated the block 2 region of msp1 and found an overall allelic prevalence among the North Indian population of 55.8% for RO33, 39.5% for MAD20 and 4.7% for K1. The circulating P. falciparum genotypes are highly heterogeneous in nature, which corroborates previous studies from the same region [35, 36] and from the central region of India [37] . Our findings contrast, however, with those on Thai isolates [38] . In addition, it has been reported that the difference in the number of alleles for each gene is associated with the degree of endemicity. Thus, highly endemic areas of Asia and Africa reported larger numbers of alleles, whereas a low endemicity areas report small numbers [4, 36, 39, 40] . K1 allele was Amino sequence diversity in R2 repeat region of GLURP Repeat region D  D  2   3  3  3  4  3  3  4  3  3  3  3  3  3  3  3  3  3  6  4  3  3  3  3  3  3  4  3 - .
found in only two samples which could be due to the small number of samples. This is a limitation of the study, due to the fact that in Chandigarh, P. vivax is more prevalent than P. falciparum [25] . Among the various polymorphic antigens, pfglurp also plays an important role by inducing protective immunity against malarial infection [41] . In previous studies, it has been found that individuals who are naturally exposed to malaria in endemic regions have high levels of antibodies in response to glurp found to inhibit the in-vitro growth of P. falciparum, which may happen with or without the help of monocytes, suggesting the possible role of glurp in controlling parasitaemia [42] . Over time, there is a trend of diagnosing a large number of alleles, which is in direct relationship between the endemicity and number of samples evaluated in case of glurp. There are few reports on the R2 repeat region of glurp from different geographical regions including India [23, 34, 36, [43] [44] [45] . In the present study, a total of 27 haplotypes were found when compared to the reference 3D7 sequence. Our study demonstrates that amino acid type 1 (DKSAHIQHEIVE-VEEILPE) and type 2 (DKNEKVEHEIVEVEEILPE) are present in high frequency in the R2 region of the glurp. Therefore, these 19 mers peptides of R2 region may be considered as a potential vaccine candidate in the combination of the state-specific antigen.
In the era of the development of pre-erythrocytic and erythrocytic malaria vaccine, the key limitation is genetic diversity. Pfs25,a transmission-blocking antigen, is expressed mainly on the surface of zygotes and ookinetes during macrogametocytogenesis; gametocytic protein is not exposed to the human immune system [19] . In this study, Pfs25 showed less diversity and SNP at position G131A was found in 91.5% of our clinical isolates, which is in concordance with previous reports where Asian pools were composed mainly of G131A allele (>80%) [46, 47] . Additionally, we found one novel non-synonymous mutation V143A in 66% of clinical isolates. To date, numerous studies have been conducted in different geographical regions on pfs25 polymorphism in natural isolates but showed limited or no polymorphism [48] . Furthermore, it has been reported that in the midgut of mosquito vector, the use of monoclonal antibodies against the native pfs25 completely blocks the development of P. falciparum oocysts [49] .
Conclusion
The present study extensively investigated the genetic diversity of P. falciparum in northern India and revealed the diverse nature of msp1 (block 2 region) and glurp genes of P. falciparum. Sexual stage antigen, pfs25, was found to be genetically stable in this area. To the best of our knowledge, this is the first report on the genetic diversity of P. falciparum from Chandigarh using sequencing to identify the different alleles of pfmsp1 (block 2 region), pfglurp and pfs25genes. To better understand the population dynamics of P. falciparum, studies to characterise the antigenic diversity in P. falciparum are urgently needed. Our findings may play an important role in the implementation of the malaria control strategies in this region and also in understanding mechanisms of pathology, acquisition of immunity and spread of drug resistance, which could ultimately help in achieving elimination of malaria. An idea about the genetic structure of the parasite population is necessary not only to develop strategies to control the disease, but also to design an effective vaccine.
